Little is known about the immunomodulation by tick saliva during a natural tick bite in human skin, the site of the tick-host interaction. We examined the expression of chemokines, cytokines and leucocyte markers on the mRNA levels and histopathologic changes in human skin biopsies of tick bites (n=37) compared to unaffected skin (n=9).
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| INTRODUCTION
Ticks of the Ixodes ricinus complex are the most significant vectors for human pathogens in the Northern Hemisphere. Estimated 2%-20% of the population in tick-endemic areas suffer from tick bites every year. [1] The incidence of tick-transmitted diseases has steadily increased in recent years. [2] Lyme disease, which is caused by infection with Borrelia burgdorferi sensu lato, is the most common tickborne disease and affects around 85 000 individuals in Europe [3] and 300 000 individuals in the United States [4] every year.
The skin as the tick-host interface is the site of the tick's blood meal, of a potential pathogen transmission and of the host immune response against the tick and pathogens. For example, natural tick bites elicit an inflammatory response in human skin, including the accumulation of eosinophils at the tick-bite site. [5] Because Ixodes ticks feed for several days, they must overcome the host's haemostatic, inflammatory and immunological responses during this time. For this purpose, ticks inject a panel of pharmacologically active proteins with their saliva into the feeding site. [6] [7] [8] [9] [10] Of importance, the immunomodulatory activities of tick saliva have been demonstrated to facilitate pathogen transmission from the tick to the host during the blood meal. [11] For example, tick saliva inhibits activation of Toll-like receptors 2 and 3 in primary human keratinocyte cell lines, which may facilitate pathogen transmission. [12] However, little is known about the ability of tick saliva to modulate the immune system in human skin, as previous studies have been performed only in animal models and in vitro experiments.
In this study, we examined the histopathologic changes and the expression of 12 chemokines, nine cytokines and five leucocyte markers in human skin biopsy samples of natural tick bites that did not lead to infection to elucidate the influence of tick saliva on the immune system in human skin.
| METHODS
| Study population
This study was approved by the Institutional Review Board of the Medical University of Graz and conducted according to Declaration of Helsinki Principles. All patients gave their written informed consent. We recruited healthy individuals who were seen at the Department of Dermatology in Graz for recent tick bites. The inclusion criteria were as follows: (i) age of patient ≥18 years; (ii) an I. ricinus tick (identified by two of us, M.G. and R.R.M) had still to be attached to the skin; (iii) the tick bite was acquired in the area of Graz, Austria, which is a highly endemic area for tick-borne diseases; (iv) the patient has not applied topical medication to the tick-bite site nor has taken antibiotic or anti-inflammatory drugs;
(v) the patient could not recall a previous tick bite during the last 6 months.
| Skin biopsy samples
From each individual, a 4-mm skin punch biopsy specimen was obtained from the centre of the tick bite. Skin biopsies were then subjected either (i) to quantitative real-time polymerase chain reaction (qPCR) or (ii) to histopathology and immunohistochemistry ( Figure 1 ).
Samples for qPCR analyses of chemokine, cytokine and leucocyte antigen mRNA expression were immediately transferred into RNAlater (Ambion, Austin, TX, USA), refrigerated overnight at 4°C and stored at −70°C until analyses. Samples for histopathology and immunohistochemistry were immediately fixed in 4% formaldehyde/PBS and embedded in paraffin. The control group consisted of healthy subjects in whom clinically atypical melanocytic nevi were excised. A 4-to 6-mm skin sample from the unaffected edge of these excision specimens was immediately placed in RNAlater. Routine histopathology showed that all excised nevi were benign without any sign of inflammation.
| PCR for tick-transmitted pathogens
We aimed to exclude infection of biopsy samples with common ticktransmitted pathogens, which would potentially bias the expression of chemokine and cytokine mediators or leucocyte antigens. We therefore performed PCR examinations for DNA of B. burgdorferi, the pathogenic agent of Lyme disease, and Anaplasma phagocytophilum, the pathogenic agent of human granulocytic anaplasmosis, in all skin samples (except the control samples) as described previously.
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| Histopathology and immunohistochemistry
In the paraffin-embedded tick-bite samples, 4-μm serial sections were stained with haematoxylin and eosin for histopathologic examination.
All specimens were subjected to immunohistochemical staining for the 
| RNA isolation, cDNA synthesis and qPCR for chemokines, cytokines and leucocyte markers
After removal of the attached tick, each of the RNAlater skin samples was ground mechanically in guanidine isothiocyanate lysis buffer (Quiagen, Valencia, CA, USA). RNA was extracted with the RNeasy kit (Qiagen), treated with DNase I for 15 minutes and subjected to reverse transcription reaction as described previously.
[17] qPCR with previously published primers gene expression analysis, was performed as previously described.
[17]
| Statistics
The primary outcome measures of the study were the amounts of cDNA specific for 26 cytokines, chemokines and leucocyte cell markers relative to the amount of cDNA of the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH).
[17] Each sample was tested in duplicate. The mean number of copies of cDNA of each duplicate was divided by the mean copies of GAPDH cDNA, termed "copies/GAPDH."
Statistical analyses were performed using SPSS (IBM SPSS Statistics for Windows, IBM Corp Armonk, NY, USA). Normal distributions were tested with Kolmogorov-Smirnov tests and Q-Q plots.
Copies/GAPDH of all 26 parameters were compared between tickbite samples and control samples using Mann-Whitney U test. To investigate the influence of the duration of tick attachment on the histopathologic changes, and the expression of chemokines, cytokines and leucocyte markers, skin samples were allocated to two subgroups depending on the tick attachment period (<24 hours vs >24 hours).
We have chosen this threshold, because borrelial transmission seems to increase 24 hours after tick attachment. [20] Copies/GAPDH were then compared between the two tick-bite groups and the control group by analysis of variance with a Mann-Whitney U test and a post hoc Dunnett's test for multiple comparison correction. P-values were two-sided, and values less than .05 were considered significant.
| RESULTS
| Samples and patient characteristics
Forty-one skin biopsy samples of natural tick bites were processed as shown in Figure 1 . 
| Histopathologic and immunohistopathologic findings
In all 15 paraffin-embedded biopsy samples of tick-bite lesions, we found a severe dermal infiltrate, composed of histiocytes, lymphocytes and neutrophils, intermingled with eosinophils ( Figure 2A 
| Chemokine expression in the skin of tick-bite sites
In the 22 skin biopsy samples from tick-bite sites, we found highto-intermediate mRNA levels of the macrophage chemoattractants CCL2, CCL3 and CCL4, and of the neutrophil chemoattractants CXCL1 and CXCL8 ( Figure 3A) , showing strong stimulation of the innate immune system. Accordingly, high amounts of the CD14 macrophage marker were identified. For each of these chemokines and the CD14 marker, mRNA expression was significantly greater in lesional skin than in normal skin. Although mRNA expression of the dendritic cell chemoattractant CCL20 was low, the mRNA levels of the dendritic cell marker CD11c were significantly above that in normal skin ( Figure 3A ).
The adaptive immune system was found to be less activated.
Compared with healthy control subjects, the 22 individuals with tick bites had higher median mRNA levels for CD4 + and CD8 + T cells and for the chemoattractants for these cells, CXCL9, CXCL10
and CXCL11 ( Figure 3B ). However, none of the differences between case and control subjects were statistically significant, although the levels of CXCL10 in the tick-bite group approached statistical significance (P=.086). mRNA expression for the Th2-cell chemokines, CCL1 and CCL22, as well as of the B-cell chemoattractant CXCL13 and the CD19 B-cell marker was low to very low ( Figure 3B ).
| Cytokine expression in the skin of tickbite sites
In the 22 skin biopsy samples from tick-bite sites, only the mRNA levels of the pro-inflammatory macrophage-derived cytokine IL-1β and the antiinflammatory Th2 lymphocyte-derived cytokine IL-5 were significantly higher than in normal skin ( Figure 3C ). Although intermediate-to-high levels of mRNA were found for the other pro-inflammatory cytokines, Only very small amounts of mRNA were found for the pro-inflammatory cytokine IL-12 P40 and the anti-inflammatory cytokine IL-4 in lesional skin.
| Expression of chemokines, cytokines and leucocytes antigens according to the duration of tick attachment
To determine whether the duration of tick attachment influenced the local inflammatory and immune response, we compared chemokine, cytokine and leucocyte antigen mRNA levels of the 10 individuals, in whom tick attachment was reported to be <24 hours, with those of the eight individuals in whom tick attachment was reported to be >24 hours. Although none of the parameters differed significantly between shorter and longer tick attachment ( Figure 4A -C), patients with a longer attachment generally had lower mRNA levels for innate immune cells and mediators than patients with shorter attachment ( Figure 4A ). In contrast, a general increase in the activity of the adaptive immune response was observed over time. Individuals with tick attachment of >24 hours tended to have greater numbers of lymphocytes and higher levels of their respective chemokines and cytokines ( Figure 4B) . The median mRNA level for IL-4, a prototypic Th2 cytokine, was slightly higher in the group with longer tick attachment than in the group with shorter attachment, but in both groups, the amounts were less than in normal control subjects ( Figure 4C) . Conversely, the median levels of mRNA for IL-5, another Th2 cytokine, were higher in the group with shorter tick attachment ( Figure 4C ).
| DISCUSSION
In this study, we found activation of the innate human immune sys- Previous experimental studies demonstrated the influence of tick bites, tick saliva or its components on the innate and adaptive immunity of the host. [9, 21, 22] However, these studies used ex vivo or in vitro models and may therefore not reflect the events of a natural tick infestation in the skin, in which the composition of the tick saliva proteome changes during time. [23] Only a few studies of the immune reaction to natural tick bites have been performed in mouse skin in vivo. In BALB/c mice, very early (6-12 hours postinfestation) tick-bite lesions are characterized histologically by a strong innate immune reaction with a predominance of neutrophils and mononuclear cells, intermingled with CD4 + and CD8 + T cells in a ratio of 2.2:1. [24] Consistent with these results, molecular investigations of early lesions in mice found upregulation of the chemoattractants for monocytes, neutrophils and dendritic cells CXCL1, CXCL5, CCL2 and CXCL14. [25, 26] These early alterations in tick-bite lesions in murine skin are comparable with our findings in human skin, which showed an initial strong, transient innate immune response.
After 24-96 hours of incubation with tick saliva, T cells produce increased amounts of the Th2 cytokines IL-4, IL-5 and IL-10, but decreased quantities of the Th1 cytokines IL-2 and IFN-γ. [21, 27, 28] This Th2-promoting effect appears to become markedly greater with longer exposure to tick saliva. [28, 29] This facilitates transmission of pathogens such as B. burgdorferi. [11] Vice versa, the suppression of IL-4 and IL-5 [30] as well as the application of IFN-γ, IL-2 and TNF-α, or of cells releasing those cytokines, significantly reduces the borrelial load in susceptible mice. [31] In our study on human skin, the adaptive immune response as a whole increased after 24 hours of tick feeding.
However, we were not able to show a predominant Th2 response at that time. This may be due to several reasons. First, as only eight patients reported a tick attachment >24 hours, we may not have investigated a large enough group to demonstrate this immunological shift.
F I G U R E 4 mRNA expression in skin lesions with a tick attachment period of <24 h (n=10) vs >24 h (n=8) compared to normal skin (n=9). The same samples as in Figure 3 are depicted. mRNA expression was measured by quantitative real-time PCR and expressed relative to the copies of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). A, Neutrophil chemoattractants (CXCL8, CXCL1), the dendritic cell chemoattractant CCL20, the dendritic cell marker CD11c, macrophage chemoattractants (CCL2, CCL3, CCL4) and the macrophage cell marker CD14. B, Th1 cell chemoattractants (CXCL9, CXCL10, CXCL11), T-cell markers (CD4, CD8), Th2 cell chemoattractants (CCL1, CCL22), the B-cell chemoattractant CXCL13 and the B-cell marker CD19. C, Pro-inflammatory cytokines (IFN-γ, IL-1β, TNF-α, IL-12p40, IL-6) and anti-inflammatory cytokines (IL-10, IL-4, IL-5 and TGF-β). *P≤.05, **P≤.01, ***P≤.001.
Second, the development of a Th2 response may require a longer period than the maximum duration of tick attachment of 48 hours in our patients. Third, other methods, such as intracellular cytokine determinations from T cells, are likely to be a more sensitive method than measuring mRNA levels of cytokines in skin biopsy samples. Fourth, it is possible that humans do not have as pronounced a shift towards a Th2 response to tick bites as mice. In humans, the principal effect of immune modulators from tick saliva may be the gradual downregulation of the initial innate immune response to the tick bite. This may be a factor why B. burgdorferi spirochaetes, which are controlled by an innate and Th1-dominated adaptive immune response, [18] are usually not transmitted before a tick attachment period of 24-48 hours. [32] This critical window of time for tick saliva to exert its pathogen transmission-promoting modulatory effects on the host immune response underlines the importance of tick removal as early as possible.
We excluded infection of our ticks with B. burgdorferi and A. phagocytophilum, which are the most common pathogens transmitted by I. ricinus ticks. [1, 2] It is still possible that undetected pathogens influenced the immune response to the tick bites. However, it is unlikely that the ticks were infected with other pathogens that might have migrated into the host skin, because none of the study individuals reported any cutaneous or extracutaneous symptoms during a follow-up period of 6 weeks after the tick bite.
In conclusion, natural tick bites produce a strong innate immune response with an infiltrate of mononuclear cells, neutrophils and dendritic cells with an upregulation of pro-inflammatory cytokines in the skin early on. After an attachment period of 24 hours, this primary inflammatory reaction appears to be weakened and an adaptive immune response starts to develop. This presumably facilitates blood intake by the tick and transmission of pathogens, such as B. burgdorferi, into the skin.
